We have evaluated 42 subjects with deletions of 18q at our institution. This is the largest number of individuals with this chromosome abnormality studied by one group of investigators. Here we report the physical findings in these individuals. We have compared our findings with those of previously reported cases and have found a significantly different incidence of several minor anomalies in our subjects. We also describe here several anomalies not previously reported in individuals with deletions of 18q, including short frenulum, short palpebral fissures, disproportionate short stature, overlap of second and third toes, and a prominent abdominal venous pattern. Characteristics found in subjects were analyzed for correlation with cytogenetic breakpoints. Several traits were found to correlate with the extent of the deletion. Large deletions were associated with significantly decreased head circumference and ear length as well as the presence of proximally placed and/or anomalous thumbs. Individuals with the smallest deletions were more likely to have metatarsus adductus. Although relatively few genotype/phenotype correlations were apparent, these data demonstrate that correlations with breakpoint are possible. This implies that more correlations will become evident when the more precise molecularly based genotyping is completed. These correlations will identify critical regions on the chromosome in which genes responsible for specific abnormal phenotypes are located. Am. J. Med. Genet. 85:455-462, 1999.
INTRODUCTION
Deletions of the long arm of chromosome 18 occur in approximately 1 in 40,000 liveborn infants. The phenotype of the disorder varies greatly between individuals but generally includes mental retardation, hypotonia, short stature, flat midface, ear anomalies, abnormal genitalia, and foot deformities. It was proposed that this syndrome, as so many other chromosome abnormalities, derives its variability from the heterogeneity of the deletion size and content. Molecular analysis from our laboratory and by others has shown that the extent of the deletion differs from patient to patient [Silverman et al., 1995; Cody et al., 1997b] . This would suggest that deletions of 18q represent a contiguous gene deletion syndrome. Conversely, it has also been reported that the size of the deletion (whether cytogenetically or molecularly determined) does not correlate with the severity of clinical findings [Miller et al., 1990; Wilson et al., 1974; Strathdee et al., 1995] . In order to explore this question further, consistent first-hand clinical information must be obtained on a large cohort of patients with deletions of 18q. We have examined 45 such individuals at our institution, and here report our clinical findings on 42 subjects.
Based on a review, we have compiled published case reports representing 68 subjects with terminal deletions of 18q whose phenotypic findings could not be explained otherwise (Table I) . Patients with inherited chromosomal rearrangements were excluded from this review because of the possibility of duplication or deficiency of other chromosomal material. Physical findings were described on 66 subjects. Our compilation of the literature excludes other reviews or patients evaluated by medical record review. Numerous investigators, each of whom reported experience with relatively few subjects, collected these published data. No consistent protocol for evaluation of these individuals was used. Because of the varied methodologies, the figures obtained from this compilation may not represent accurately the frequencies of certain findings in the 18q-population. We enrolled 45 subjects with deletions of the long arm of chromosome 18 in a multidisciplinary study of genotype/phenotype correlation in this disorder. This study focuses on minor anomalies and malformations. Cognitive studies, electrophysiological evaluations, neurological findings, endocrine evaluations, and magnetic resonance imaging analyses will be reported separately. Preliminary reports on a subset of these patients have been published that relate to growth hormone production Cody et al., 1997a] and magnetic resonance imaging analysis .
As with our compilation of cases, we have not included data from subjects found to have more complicated chromosome rearrangements that involve the duplication of chromosome material [Brkanac et al., 1998 ]. Also not included are subjects with an inherited chromosome abnormality because of the possibility of occult imbalance. Here we report clinical findings identified in the remaining 42 subjects who have de novo deletions (either terminal or interstitial) of 18q.
MATERIALS AND METHODS
Forty-five subjects with deletions of 18q were recruited from The Chromosome 18 Registry and Research Society or by the family's physician. Patients who had karyotypic evidence of a deletion of the long arm of chromosome 18 without evidence of duplication or deficiency of other chromosome material as determined by the laboratory that established the diagnosis were eligible for enrollment. Written informed consent was obtained for all procedures and an institutional review board-approved protocol was followed. The 45 subjects provided medical records and blood samples, and each was evaluated clinically. When cytogenetic reports were received with less than a 550-band level of analysis, the diagnosis of 18q-was confirmed by our laboratory as described previously [Brkanac et al., 1998 ]. All deletions were also characterized by molecular analysis (data not shown) to complement the cytogenetic analysis. The methods used for molecular analysis have been described previously [Cody et al., 1997b] .
Two clinical geneticists evaluated subjects, using a standard form for collection of anthropometric data. Measurements were compared with published norma- [Day et al., 1967; de Grouchy, 1969; Faed et al., 1972; Felding et al., 1987; Insley, 1967; Kushnick and Matsushita, 1968; Law and Masterson, 1966; Miller et al., 1990; Naylor et al., 1978; Pagon et al., 1979; Parker et al., 1972; Schinzel et al., 1975; Stewart and Bryant, 1980; Stricker and Linker, 1982; Š ubrt and Pokorny, 1970; Summitt, 1969; Vogel et al., 1990; Wertelecki and Gerald, 1971; Wilson et al., 1974] .
tive data [Hall et al., 1989] and Z-scores were computed. Photographs of the face, hands, and feet were also obtained on all subjects. To catalogue internal malformations, medical histories were obtained from the parent(s). Medical records on each subject were reviewed for documentation of major malformations. Z scores for anthropometic data were determined using the subject's age in comparison with the normative data presented in "Handbook of Normal Physical Measurements" [Hall et al., 1989] .
Standard deviations (SD) were estimated as one quarter of the difference between the 95th and 5th or 97th and 3rd centiles for that age depending on the available normative data. The normative data for weight do not have a normal distribution; therefore determining onehalf of the difference between the median and the 5th centile approximated standard deviations. Z scores were not determined for philtrum length because the normative data did not approximate a normal distribution.
To determine if the extent of the deletion correlated with the presence or severity of particular findings, subjects with the same cytogenetically determined breakpoints were grouped together. This was done by creating four cytogenetic groups. Subjects with cytogenetic breakpoints of 18q21.1, 18q21, 18q21.2 were placed in group 1. Subjects with breakpoints of 18q21.3 were in group 2, subjects with 18q22 or 18q22.1 breaks were in group 3, and subjects with 18q23 breakpoints were in group 4 (Table II) . The quantitative trait data Z scores were averaged within each group and analyzed using a chi square test to determine if there were differences between groups. Similarly, the presence or absence of specific malformations was compared between groups.
RESULTS
Three of the 45 patients who were referred to us with presumed terminal deletions of chromosome 18q were found to have more complicated rearrangements. Our cytogenetic and molecular analyses determined that these individuals had duplications of chromosomal material as well as deletions of 18q [Brkanac et al., 1998 ]. The clinical data from these patients have not been included in this study. The remaining 42 subjects described in this report have deletions of 18q with no additional known chromosome imbalance. Table II lists the sex, current age, and karyotype of each of the subjects in this study.
Of 42 subjects with deletions of 18q, 12 were male and 30 were female. Subjects ranged in age from 11 weeks to 22 years. Growth parameters, minor anomalies, and malformations with their respective frequencies are listed in Table III and Z-score distributions are shown in Figure 1 . Prenatal growth retardation was uncommon in infants with 18q-syndrome (Table III) ; only one subject had a birth weight more than 2 SD below the median. However, at the time of evaluation, almost 50% of subjects (18/37, 49%) had a weight more than 2 SD below the median, and 27% (10/37) were more than 3 SD below the median. Similarly, short stature (defined as height more than 2 SD below the median) was observed in more than half of subjects (20/33).
Craniofacial abnormalities were common in these subjects (Table III) . The most common finding was microcephaly, affecting half of the population (21/41, 51%). Severe microcephaly (greater than 5 SD below the median) was observed in five subjects (12%). Abnormalities of the palate were found in 40% of subjects (17/42); four had isolated cleft palate, and two had cleft lip and palate. Cleft lip was seen only in conjunction with a palate abnormality. A short frenulum was observed in six patients (14%). This last finding has not been reported previously.
A wide variety of eye abnormalities was seen. Short palpebral fissures, a finding not reported previously, were common (15/42, 36%). Severe ocular defects, including colobomata (1/42) and optic atrophy (3/42), were relatively rare. However, these findings represent minimal estimates, based on examination of the patients by clinical geneticists and review of medical records. Complete ophthalmological evaluation was not done as a component of this study.
Minor facial anomalies included external ear anomalies in 50% of subjects (21/42); anomalies of the pinna were most common (17/42). Ear length greater than 2 SD below the median was observed in five subjects (12%). Several subjects exhibited a pattern of facial anomalies including deep-set eyes, short philtrum, "retracted" maxilla, thin or tented upper lip, and prominent mandible (Fig. 2) . This pattern appeared to be independent of age or cytogenetic deletion.
Cardiac anomalies were identified in 10 subjects (24%) compared with 36% of patients described previously (Table I) . No single cardiac defect was predominant (Table III) .
Six of 12 males in this study (50%) had external genital anomalies. Hypospadias (5/12) was most common. Females were less likely to exhibit external genital findings. Because of the youth of this female population (27/30 <12 years of age), it is possible that internal anomalies of the reproductive organs may be identified later. The subject known to have Mü llerian dysgenesis was found to have this problem at age 14 because of cyclic abdominal pain with amenorrhea. Four subjects had renal anomalies (9%) compared with two of 66 subjects (3%) described previously. Ureteral reflux (4/42) and urinary tract infection (2/42) were of relatively low frequency but significant problems. A variety of skeletal anomalies was observed (Table  III) . Hemihypertrophy, which has not been described previously in an individual with an 18q deletion, was found in a single subject. This 11-month-old girl had normal external genitalia and normal kidneys. Scoliosis, which was described in 3% of previously reported subjects, was present in 7% of our patients (3/42). Three subjects had abnormalities of the vertebrae including spina bifida occulta, and three subjects had femoral head abnormalities. These percentages represent minimum estimates because skeletal radiographs were not obtained as a component of this study.
Foot deformities and anomalies were very common (34/42, 81%). Foot length was measured in 35 subjects of which 20 subjects had a foot length of over 2 SD below the median (57%); 12 subjects (34%) had foot length over 3 SD below the median. Foot deformities including vertical talus (7/42), clubfoot (5/42), and rocker bottom foot (3/42) were relatively common. Overlap of the second and third toes, which has not been described previously in individuals with deletions of 18q, was noted in 18/42 subjects (43%). Short lower limbs (more than 3 SD below the median) were found in 50% of subjects. Hand, finger, and thumb anomalies were also very common (36/42, 86%). Hands of subjects with 18q-tended to be slender with tapering digits and proximally placed or anomalous thumbs (Fig. 3) . In general, these anomalies (proximally placed or anomalous thumbs, fifth finger clinodactyly, abnormal palmar creases, tapering digits) had little impact on function. Eczema, which was described in 4% of previously re- ported cases, was found in six of our subjects (14%). We evaluated IgA levels, which have been reported previously to be low in 18q-patients, in 34 of our subjects. Eight subjects (24%) had IgA levels greater than 2 SD below the median. However, we also found that three subjects had IgA levels greater than 2 SD above the median. The mean of the Z scores was 0.26. The extent of cytogenetic deletion did not correlate with the following quantitative traits: birth weight, height, weight, IgA deficiency, palpebral fissure length, philtrum length, internipple distance, inner canthal distance greater than 1 SD below the median, hand length, palm length, forearm length, chest circumference greater than 2 SD below the median, upper arm length, leg length, and foot length. Severe microcephaly, ear length over 2 SD below the median, proximally placed or anomalous thumbs, and metatarsus adductus did correlate with the size of the deletion. Presence of cleft palate, overlapping 2nd and 3rd toes, vertical talus, tapering digits, 5th finger clinodactly, congenital heart disease, genitourinary anomalies, renal anomalies, ocular defect, and abnormality of the pinna and ear canal were not correlated with the extent of the deletion.
DISCUSSION
This study describes the largest number of individuals with 18q-syndrome evaluated by a single team of investigators using a standardized protocol. Since most subjects were ascertained from a parent support group, The Chromosome 18 Registry and Research Society, it is possible that bias in favor of more severely affected subjects was less significant than in previously reported individual case reports or small series.
Our data suggest that poor weight gain is common in this patient population, but fully 50% of subjects had adequate weight for age. Over half of the subjects (61%) had short stature, as compared with 77% reported in the literature. Over half of these subjects had normal head circumference for age; however, severe microcephaly (over 5 SD below the median for age) was observed in 12%. Major anomalies of the internal organs were relatively uncommon. Although 23% had cardiac anomalies, none was life threatening. Renal anomalies were also infrequent (9%). However, ureteral reflux and urinary tract infections were reported, suggesting that surveillance for infection may be indicated clinically.
New findings include short frenulum (14%), short palpebral fissures (27% < 3 SD), overlap of second and third toes (43%), and prominent venous pattern on the abdomen (19%).
A comparison of our population with subjects cited in the literature is shown in Table I . Because the previously reported cases were not described uniformly, caution should be exercised when comparing our data with those from the literature. For example, if palate abnormalities were not mentioned in a previously reported subject, this may reflect either absence of the anomaly or failure of the investigator to report less obvious findings. Keeping this in mind, our patients are similar to the previously reported subjects with regard to most anomalies, but do appear to differ in the frequency of several anomalies. The subjects in our population had a significantly higher frequency of foot deformities (P ‫ס‬ 0.002), abnormal placement of second toe (P ‫ס‬ 0.017), atretic or stenotic ear canal (P ‫ס‬ 0.040), proximally placed or anomalous thumbs (P ‫ס‬ 0.003), and clinodactyly (P ‫ס‬ 0.048). This population had a significantly lower frequency of prominent antihelix (P ‫ס‬ 0.007), hypoplastic labia minora (P ‫ס‬ 0.002), "carp mouth" (P ‫ס‬ 0.016) (defined as thin upper lip with inferior displacement of the cheilions), and hypertelorism (P ‫ס‬ 0.001) (defined as more than 2 SD above the median) than subjects reported previously.
Skeletal anomalies, while frequent, were also usually not severe. Disproportionately small feet and short lower limbs found in 57% and 82% of subjects, respectively, appear to be newly recognized findings. The median Z score for the height of the entire population was −2.2. This measurement in comparison with a Z score for leg length of −3 and for foot length of −3, demonstrates a disproportionate height to lower segment ratio. This is graphically represented in Figure 4 in which Fig. 1 . Box-and-whisker plots of Z scores of quantitative traits. Z-score computation is described in the methods. Boxes extend from the 25th to the 75th centile with the center line and the asterisk (*) indicating the sample median and mean, respectively. Notches indicate approximate 95% confidence intervals of the median. Notches that do not include 0.0 (shown as the vertical dotted line) constitute an approximate test of the H: median Z score ‫ס‬ 0.0 and indicates an abnormal distribution of the characteristic in this population. Whiskers extend to the minima and maxima or 1.5* interquartile range (IQR) beyond the quartiles (25th and 75th centiles), whichever is less. Values beyond these limits are plotted individually as diamonds (beyond 1.5*IQR but less than 3*IQR) or squares.
a person with a leg length to height Z-score ratio of one would be represented on the diagonal line. A normal population of individuals will be equally distributed on either side of this line. Most subjects reported here had a Z score for leg length that was less than their Z score for height. Therefore, most the subjects in our study have disproportionate short stature. This is a new finding for individuals with deletions of 18q.
IgA deficiency has been reported previously in 27% of individuals with deletions of 18q (Table I) . We measured the IgA level of 34 subjects; a low level was identified in nine individuals and a high level in three individuals. Most subjects had normal but higher than median IgA levels. The mean of the Z scores was virtually zero, indicating that this group as a whole does not differ from a normal population.
When the extent of cytogenetic deletion was correlated with phenotypic malformations, significant differences between groups were found only for head circumference, external ear length, proximal or anomalous thumbs, and metatarsus adductus. Individuals Fig. 3 . Hands of five children with deletions of 18q. Their ages are (left to right, top to bottom) 3 years 10 months, 5 years 2 months, 10 years, 10 years 6 months, and 13 years 11 months. Hands of subjects with 18q-tended to be slender with tapering digits, proximally placed or anomalous thumbs, and fifth finger clinodactyly. with the largest deletions as determined by cytogenetic breakpoint had a median head circumference Z score that was significantly smaller than that of the other groups.
Significant differences also existed between groups for the length of the pinna. The group with the largest deletion had a median ear length Z score that was significantly shorter than those of the two groups with the smallest deletions. The mean ear length of the group with the smallest deletion was significantly longer than that of the two groups with the largest deletion. There appeared to be a continuum of ear length that depended on the size of the deletion. The mean Z score for ear length of each of the four cytogenetic breakpoint groups from those with the smallest deletion to largest were as follows: 1.30, 0.56, 0.67, and −1.27.
Interestingly, individuals in the two groups with the smallest deletions were more likely to have metatarsus adductus than those with larger deletions. Children with larger deletions were less likely to be ambulatory, it is therefore possible that the observed metatarsus adductus was related to a complex interplay of neuromuscular factors rather than a specific deletion. Nevertheless, these results suggest the presence of specific genes whose haploinsufficient products influence these traits.
Within each cytogenetic group, the phenotype data were compared to determine if there were any differences between males and females. No significant differences were observed, although power to detect any but large differences is very limited because of small sample sizes.
Determination of the extent of the deletion in the patients reported here was based on cytogenetic analysis (Table II) . These cytogenetic data were compiled from our laboratory as well as from the clinical laboratories providing the original diagnostic cytogenetic analysis. These genotype data are of low resolution when compared with the molecular analysis. Therefore, additional correlations between the extent of the deletion and specific characteristics may become apparent when molecular data are used. These results along with our previously reported findings identifying critical regions for myelination and growth hormone deficiency Cody et al., 1997a] indicate that phenotype/genotype correlations will identify critical regions of the chromosome in which genes can be identified whose haploinsufficient products result in a distinct phenotype. Identification of the key genes will provide insight into the underlying biology of human development and in some cases may provide the insights necessary to devise treatments.
